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(57) ABSTRACT

The present invention provides a liquid crystal display panel
and a liquid crystal display device each of which exhibits a
sufficiently increased transmittance and an excellent
response speed in falling, with its three-layered electrode
structure that controls the alignment of liquid crystal mol-
ecules by an electric field in both rising and falling. The liquid
crystal display panel of the present invention includes: a first
substrate; a second substrate; and a liquid crystal layer dis-
posed between the substrates, the first substrate and the sec-
ond substrate each having an electrode, the first substrate
further having a dielectric layer, the electrode of the second
substrate including a pair of comb-shaped electrodes and a
planar electrode.
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LIQUID CRYSTAL DISPLAY PANEL AND
LIQUID CRYSTAL DISPLAY DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a liquid crystal dis-
play panel and a liquid crystal display device. More specifi-
cally, the present invention relates to a liquid crystal display
panel and a liquid crystal display device each of which has a
three-layered electrode structure that controls the alignment
of liquid crystal molecules by an electric field in both rising
and falling.

BACKGROUND ART

[0002] A liquid crystal display panel includes a pair of
substrates such as glass substrates and a liquid crystal layer
disposed therebetween. Such a liquid crystal display panel
characteristically has a thin profile, a light weight, and a low
power consumption, and is indispensable in everyday life and
business as a display for devices including personal comput-
ers, televisions, onboard devices (e.g. automotive navigation
systems), and personal digital assistants (e.g. mobile phones).
In these applications, persons skilled in the art have studied
liquid crystal display panels of various modes in which the
placement of electrodes and the design of the substrates are
different for changing the optical characteristics of the liquid
crystal layer.

[0003] Examples of the display modes of current liquid
crystal display devices include: a vertical alignment (VA)
mode in which liquid crystal molecules having negative
anisotropy of dielectric constant are aligned vertically to the
substrate surfaces; an in-plane switching (IPS) mode in which
liquid crystal molecules having positive or negative anisot-
ropy of dielectric constant are aligned horizontally to the
substrate surfaces and a transverse electric field is applied to
the liquid crystal layer; and a fringe field switching (FFS)
mode.

[0004] One document discloses, as a FFS-driving liquid
crystal display device, a thin-film-transistor liquid crystal
display having a high response speed and a wide viewing
angle. The device includes a first substrate having a first
common electrode layer; a second substrate having a pixel
electrode layer and a second common electrode layer; a liquid
crystal disposed between the first substrate and the second
substrate; and a means for generating an electric field
between the first common electrode layer of the first substrate
and both of the pixel electrode layer and the second common
electrode layer of the second substrate so as to provide high
speed response to a fast input-data-transfer rate and a wide
viewing angle for a viewer (for example, see Patent Literature
1).

[0005] Another document discloses, as a liquid crystal
device with multiple electrodes applying a transverse electric
field, a liquid crystal device including a pair of substrates
opposite to each other; a liquid crystal layer which includes a
liquid crystal having a positive anisotropy of dielectric con-
stant and which is disposed between the substrates; electrodes
which are provided to the respective first substrate and second
substrate constituting the pair of substrates, facing each other
with the liquid crystal layer therebetween, and which apply a
vertical electric field to the liquid crystal layer; and multiple
electrodes for applying a transverse electric field to the liquid
crystal layer disposed on the second substrate (for example,
see Patent Literature 2).
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CITATION LIST

Patent Literature

[0006]
[0007]

Patent Literature 1: JP 2006-523850 T
Patent Literature 2: JP 2002-365657 A

SUMMARY OF INVENTION

Technical Problem

[0008] Patent Literature 1 teaches a vertical alignment lig-
uid crystal display device having a three-layered electrode
structure which achieves high-speed response by rotating the
liquid crystal molecules by an electric field in both rising and
falling. The rising utilizes a fringe electric field (FFS driving)
generated between an upper slit electrode and a lower solid
electrode of the lower substrate. The falling utilizes a vertical
electric field generated by a potential difference between the
substrates.

[0009] FIG. 19 is a schematic plan view showing a subpixel
in aliquid crystal display panel having an FFS structure. FIG.
20 is a schematic cross-sectional view of a liquid crystal
display panel having a conventional FFS-driving electrode
structure in which the lower substrate has a conventional FF'S
structure. FIG. 21 shows simulation results of director d dis-
tribution, electric field distribution, and transmittance distri-
bution (solid line) in rising. FIG. 20 shows the structure of the
liquid crystal display panel where a certain voltage is applied
to aslitelectrode 217 (14 V in the figure). A substrate with the
slit electrode 217 and an opposed substrate are respectively
provided with common electrodes 213 and 223. The common
electrodes 213 and 223 are setto 7 V.

[0010] Even when a fringe electric field is applied to a
vertical alignment liquid crystal display device, only the lig-
uid crystal molecules near the slit electrode ends are rotated
(cf. FIG. 21). Hence, the transmittance thereof may be insuf-
ficient. In view of this, the present inventors have used a pair
of comb-shaped electrodes for comb driving in place of the
upper slit electrode, so that the liquid crystal molecules
between the comb-shaped electrodes are sufficiently aligned
in the horizontal direction. The use has been found to increase
the transmittance per unit area of an aperture.

[0011] The comb driving, however, usually requires three
thin-film transistor elements (TFTs) per subpixel. An increase
in the number of TFTs reduces the size of the apertures, so
that the aperture ratio decreases. As a result, the transmittance
may not be sufficiently increased.

[0012] The technique for increasing the transmittance may
possibly be increasing the thickness of the liquid crystal cell
to allow the effect of the transverse electric field become
dominant or increasing the voltage to be applied between the
comb-shaped electrodes (increasing the intensity of the trans-
verse electric field). Increasing the thickness of the liquid
crystal cell improves the effect of the transverse electric field,
thereby increasing the transmittance. Meanwhile, the view-
ing angle characteristics (especially the viewing angle com-
pensation of a polarizer) may be deteriorated. A problem from
the cost aspect, such as an increase in the amount of liquid
crystal molecules, is also raised. Similarly, increasing the
voltage applied between the comb-shaped electrodes
improves the effect of the transverse electric field, thereby
increasing the transmittance. This technique, however, is not
easily adopted because of the possibility of failing to maintain
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asufficient TFT voltage proof and in terms of development of
a driving driver for increasing the voltage applied to the
comb-shaped electrodes.

[0013] The present invention has been made in view of the
above state of the art, and aims to provide a liquid crystal
display panel and a liquid crystal display device each of
which exhibits a sufficiently increased transmittance and an
excellent response speed in falling, with its three-layered
electrode structure that controls the alignment of liquid crys-
tal molecules by an electric field in both rising and falling.

Solution to Problem

[0014] The present inventors have considered achieving
both a high response speed and a high transmittance in a
liquid crystal display panel and a liquid crystal display
device, and have focused on a liquid crystal display panel
with a three-layered electrode structure which controls the
alignment of liquid crystal molecules by an electric field in
both rising and falling. The present inventors have found that,
when a first substrate and a second substrate having a liquid
crystal layer disposed therebetween each have an electrode
and the electrode of the second substrate includes a pair of
comb-shaped electrodes and a planar electrode, a transverse
electric field can be generated by the potential difference
between the pair of comb-shaped electrodes in rising, and a
vertical electric field can be generated by the potential differ-
ence between the substrates in falling, for example. This
three-layered electrode structure enables suitable switching
between the vertical electric field ON state and the transverse
electric field ON state. The three-layered electrode structure
has been found to provide a high response speed by rotating
liquid crystal molecules by an electric field in both rising and
falling, as well as a high transmittance per unit area of an
aperture by the transverse electric field generated in comb
driving.

[0015] The present inventors have further made studies,
and have focused on providing a dielectric layer to a first
substrate (opposed substrate) in a liquid crystal display panel
and a liquid crystal display device having the above structure.
They have therefore found that providing a dielectric layer on
the opposed substrate side further increases the intensity of
the transverse electric field. The provision has also been
found to further increase the transmittance. The present
inventors have accordingly solved the above problems, com-
pleting the present invention.

[0016] The present invention is different from the prior art
inventions in the following features. One of the features is that
the vertical alignment liquid crystal display device of the
present invention having a three-layered electrode structure
achieves a high response speed by utilizing comb driving for
the upper electrode of the lower substrate to generate a trans-
verse electric field by a potential difference between the
comb-shaped electrodes in rising and generate a vertical elec-
tric field by a potential difference between the substrates in
falling, thereby rotating the liquid crystal molecules by an
electric field in both rising and falling. Another feature is that
such a display device also achieves a high transmittance in
apertures by the transverse electric field generated by the
comb driving. In addition, providing a dielectric layer on the
opposed substrate side in the vertical alignment liquid crystal
display device having a three-layered electrode structure fur-
ther increases the transmittance. Here, the present invention

Jul. 30, 2015

increases the response speed having been problematic espe-
cially at low temperatures, and also achieves an excellent
transmittance.

[0017] Patent Literature 1 teaches the effect of a dielectric,
but does not teach any actual driving method. Patent Litera-
ture 1 merely teaches the effect of increasing the fringe field,
without suggesting application of the effect to liquid crystal
display panels having the electrode structure of the present
invention. Here, simply providing a dielectric layer may dete-
riorate the OFF characteristics (response speed in falling; also
referred to as a decay speed). The OFF characteristics refer
typically to an increase in the response speed in falling and a
sufficient decrease in the transmittance in black display. The
OFF characteristics herein primarily refer to the response
speed in falling, unless otherwise stated.

[0018] Oneaspect of the present invention is aliquid crystal
display panel including: a first substrate; a second substrate;
and a liquid crystal layer disposed between the substrates, the
first substrate and the second substrate each having an elec-
trode, the first substrate further having a dielectric layer, the
electrode of the second substrate including a pair of comb-
shaped electrodes and a planar electrode. The liquid crystal
display panel of the present invention has a three-layered
electrode structure that controls the alignment of liquid crys-
tal molecules by an electric field in both rising and falling. To
further increase the transmittance of such a liquid crystal
display panel, a dielectric layer is disposed on the opposed
substrate side. This structure increases the intensity of the
transverse electric field on the opposed substrate side (upper
portion of the liquid crystal layer), and therefore significantly
raises the utilization efficiency of light to increase the trans-
mittance.

[0019] Also, simply providing a dielectric layer may not
easily allow sufficient application of a vertical electric field,
decreasing the response speed (decay speed) in falling. To
sufficiently increase the response speed in falling, the follow-
ing features (1) to (3) can be adopted. (1) A feature with a
great electric field between the upper and lower substrates. (2)
A feature with a dielectric layer having an increased dielectric
constant €,.. (3) A feature with a dielectric layer having a
reduced thickness d,.. Any one of the features (1) to (3)
sufficiently increases the response speed in falling, but it is
more preferred to combine the features (1) to (3).

[0020] Firstly, the feature (1) with a great electric field
between the upper and lower substrates is described. For
example, the liquid crystal display panel preferably has a
potential difference of 1 V or more applied between the elec-
trode of the first substrate and the electrodes of the second
substrate. In this case, deterioration in the response charac-
teristics in falling can be sufficiently suppressed. The upper
limit of the potential difference between the electrode of the
first substrate and the electrodes of the second substrate is
preferably 15 V or less when voltages are applied to the
electrodes.

[0021] The feature (2) with a dielectric layer having an
increased dielectric constant €, is described. For example,
the dielectric constant €, of the dielectric layer is preferably
2.5 or more. The upper limit of the dielectric constant € . is
preferably 9 or less. In terms of the transmittance, the dielec-
tric constant €, of the dielectric layer is preferably, for
example, less than 3.8. The dielectric constant €__ is most
preferably about 3.0.

[0022] The feature (3) with a dielectric layer having a
reduced thickness d_ . is described. For example, the thickness
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d,. of the dielectric layer is preferably 3.5 um or less, and
more preferably 2 um or less. The lower limit of the thickness
d,. is preferably 1 um or more.

[0023] The pair of comb-shaped electrodes may be dis-
posed in any form as long as the two comb-shaped electrodes
are disposed to face each other. The pair of comb-shaped
electrodes is capable of suitably generating a transverse elec-
tric field therebetween. With the electrodes, the response
characteristics and the transmittance in rising are excellent
when the liquid crystal layer contains liquid crystal molecules
having positive anisotropy of dielectric constant, while a high
response speed is achieved by rotating the liquid crystal mol-
ecules by the transverse electric field in falling when the
liquid crystal layer contains liquid crystal molecules having
negative anisotropy of dielectric constant. The liquid crystal
display panel is preferably configured to align liquid crystal
molecules between the pair of comb-shaped electrodes in the
liquid crystal layer in the horizontal direction to the main
faces of the substrates by an electric field generated between
the pair of comb-shaped electrodes or between the electrode
of the first substrate and the electrodes of the second sub-
strate. The electrodes of the first substrate and the second
substrate may be any electrodes capable of providing a poten-
tial difference between the substrates. With such electrodes, a
vertical electric field is generated by a potential difference
between the substrates in falling with liquid crystal molecules
having positive anisotropy of dielectric constant contained in
the liquid crystal layer and in rising with liquid crystal mol-
ecules having negative anisotropy of dielectric constant con-
tained in the liquid crystal layer. The generated electric field
rotates the liquid crystal molecules, thereby leading to a high
response speed.

[0024] The pair of comb-shaped electrodes preferably sat-
isfies that the teeth portions are along each other ina plan view
of the main faces of the substrates.

[0025] Particularly preferably, the teeth portions of the pair
of comb-shaped electrodes are substantially parallel with
each other; in other words, each of the comb-shaped elec-
trodes has multiple substantially parallel slits. FIG. 3 is a
schematic view of the pair of comb-shaped electrodes in a
plan view of the main faces of the substrates.

[0026] The pair of comb-shaped electrodes may be formed
on the same layer, and may be formed on different layers as
long as the effect of the present invention is exerted. Still, the
pair of comb-shaped electrodes is formed on the same layer.
Here, the phrase “the pair of comb-shaped electrodes is
formed on the same layer” means that each of the comb-
shaped electrodes is in contact with a common component
(e.g. insulating layer, liquid crystal layer) on the liquid crystal
layer side and/or the opposite side of the liquid crystal layer
side.

[0027] The comb-shaped electrodes of the pair are usually
capable of generating different electric potentials at a thresh-
old voltage or higher. The “threshold voltage” refers to a
voltage generating electric fields that optically change the
liquid crystal layer to generate a different display state in the
liquid crystal display device. The threshold voltage means
that a voltage value that provides a transmittance of 5% with
the transmittance in the bright state defined as 100%, for
example. The phrase “have different electric potentials at a
threshold voltage or higher” herein at least means that a
driving operation that generates different electric potentials at
athreshold voltage or higher can be implemented. This makes
it possible to suitably control the electric field applied to the
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liquid crystal layer. The upper limit of each of the different
electric potentials is preferably 20 V, for example. Examples
of a structure for providing different electric potentials
include a structure in which one comb-shaped electrode of the
pair of comb-shaped electrodes is driven by a certain TFT
while the other comb-shaped electrode is driven by another
TFT or the other comb-shaped electrode communicates with
the electrode disposed below the other comb-shaped elec-
trode. This structure makes it possible to provide different
electric potentials. The width of each tooth portion of the pair
of comb-shaped electrodes is preferably 2 pm or greater, for
example. The gap (also referred to as the space herein)
between tooth portions is preferably 2 to 7 um, for example.

[0028] The liquid crystal display panel is preferably
arranged such that the liquid crystal molecules in the liquid
crystal layer are aligned in the orthogonal direction to the
main face of the substrate by an electric field generated
between the pair of comb-shaped electrodes or between the
first substrate and the second substrate. Preferably, the elec-
trode for the first substrate is a planar electrode. The term
“planar electrode’ herein includes a mode in which electrode
portions in multiple pixels are electrically connected. Prefer-
able examples of such a mode of the planar electrode of the
first substrate include a mode in which electrode portions in
all of the pixels are electrically connected, and a mode in
which electrode portions in a pixel line are electrically con-
nected. Furthermore, the second substrate is preferably pro-
vided with a planar electrode. The planar electrode suitably
generates a vertical electric field to achieve a high response
speed. A particularly preferable mode is such that the elec-
trode of the first substrate is a planar electrode, and the above-
described planar electrode is provided to the second substrate.
This makes it possible to suitably generate a vertical electric
field by a potential difference between the substrates in fall-
ing, thereby providing a high response speed. A particularly
preferable mode for suitable application of a transverse elec-
tric field and a vertical electric field is such that the electrodes
(upper electrodes) at the side of the liquid crystal layer of the
second substrate constitute a pair of comb-shaped electrodes
and the electrode (lower electrode) opposite to the side of the
liquid crystal layer of the second substrate is a planar elec-
trode. For example, the planar electrode of the second sub-
strate can be provided below the pair of comb-shaped elec-
trodes of the second substrate (in the layer in the second
substrate opposite to the liquid crystal layer), with an insu-
lating layer interposed therebetween. The electrical resis-
tance layer is preferably an insulating layer. The insulating
layer may be any layer regarded as an insulating layer in the
technical field of the present invention.

[0029] Theliquid crystal display panel of the present inven-
tion usually generates a potential difference at least between
the electrode ofthe first substrate and an electrode (e.g. planar
electrode) of the second substrate, in a vertical electric field.

[0030] In a transverse electric field, the liquid crystal dis-
play panel usually generates a potential difference between
the pair of comb-shaped electrodes. For example, the panel
may be in a mode such that a higher potential difference is
generated between the pair of comb-shaped electrodes of the
second substrate than that between the electrode of the first
substrate and an electrode (e.g. planar electrode) of the sec-
ond substrate. The panel may be in a mode such that a lower
potential difference is generated between the pair of comb-
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shaped electrodes of the second substrate than that between
the electrode of the first substrate and an electrode of the
second substrate.

[0031] The planar electrode(s) of the first substrate and/or
the second substrate may have any shape regarded as a planar
shape in the technical field of the present invention. The
planar electrode(s) may have, for example, alignment control
structures such as ribs and/or slits in part of the region, or may
have alignment control structures in the center portion of a
pixel in a plan view of the main faces of the substrates. Still,
the planar electrode(s) preferably substantially do/does not
have alignment control structures.

[0032] The liquid crystal layer preferably contains liquid
crystal molecules aligned in the orthogonal direction to the
main faces of the substrates when no voltage is applied. Here,
“the liquid crystal molecules aligned in the orthogonal direc-
tion to the main faces of the substrates” are molecules
regarded as being aligned vertically to the main faces of the
substrates in the technical field of the present invention,
including those substantially aligned in the orthogonal direc-
tion. The liquid crystal layer suitably contains liquid crystal
molecules aligned in the orthogonal direction to the main
faces of the substrates at a voltage lower than the threshold
voltage. The phrase “when no voltage is applied” herein at
least satisfies the state regarded as substantially no voltage
application in the technical field of the present invention.
Such a vertical alignment liquid crystal display panel is
advantageous to provide characteristics such as a wide view-
ing angle and a high contrast, and its application range is
widened.

[0033] Theliquid crystal layer usually contains liquid crys-
tal molecules aligned in the horizontal direction to the main
faces of the substrates at a threshold voltage or higher by an
electric field generated between a pair of comb-shaped elec-
trodes or between the first substrate and the second substrate.
The phrase “aligned in the horizontal direction” herein at
least satisfies the state regarded as being aligned in the hori-
zontal direction in the technical field of the present invention.
This further improves the transmittance. The liquid crystal
molecules in the liquid crystal layer preferably substantially
consist of liquid crystal molecules aligned in the horizontal
direction to the main faces of the substrates at a threshold
voltage or higher.

[0034] The liquid crystal layer preferably includes liquid
crystal molecules having positive anisotropy of dielectric
constant (positive liquid crystal molecules). The liquid crys-
tal molecules having positive anisotropy of dielectric con-
stant are aligned in a certain direction when an electric field is
applied. The alignment thereof is easily controlled and such
molecules provide a higher response speed. The liquid crystal
layer may also preferably include liquid crystal molecules
having negative anisotropy of dielectric constant (negative
liquid crystal molecules). This further improves the transmit-
tance. From the viewpoint of a high response speed, the liquid
crystal molecules preferably substantially consist of liquid
crystal molecules having positive anisotropy of dielectric
constant. From the viewpoint of a transmittance, the liquid
crystal molecules preferably substantially consist of liquid
crystal molecules having negative anisotropy of dielectric
constant.

[0035] At least one of the first substrate and the second
substrate is usually provided with an alignment film on the
liquid crystal layer side. The alignment film is preferably a
vertical alignment film. Examples of the alignment film
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include alignment films formed from an organic material or
an inorganic material, and photo-alignment films formed
from a photoactive material. The alignment film may be an
alignment film without any alignment treatment such as rub-
bing. Alignment films formed from an organic or inorganic
material and photo-alignment films each enable simplifica-
tion of the process to reduce the cost, as well as improvement
in the reliability and the yield. If an alignment film is rubbed,
the rubbing may cause disadvantages such as liquid crystal
contamination due to impurities from rubbing cloth, dot
defects due to contaminants, and uneven display due to
uneven rubbing in each liquid crystal panel. The present
invention can eliminate these disadvantages. At least one of
the first substrate and the second substrate preferably has a
polarizing plate on the side opposite to the liquid crystal layer.
The polarizing plate is preferably a circularly polarizing
plate. The largest advantage of using a circularly polarizing
plate is that when external light enters the display panel,
unnecessary reflection by components such as TFT wirings
can be reduced. A linearly polarizing plate is likely to allow
the TFT wirings to reflect the external light at a higher pos-
sibility. Even in such a bright state, use of a circularly polar-
izing plate is suitable as a way of suppressing unnecessary
reflection to increase the display characteristics. Use of a
circularly polarizing plate also contributes to an increase in
the transmittance. The polarizing plate may also preferably be
a linearly polarizing plate. This makes it possible to give
excellent viewing angle characteristics.

[0036] The first substrate and the second substrate of the
liquid crystal display panel of the present invention constitute
a pair of substrates sandwiching the liquid crystal layer. They
each may have an insulation substrate (e.g. glass, resin) as its
base material, and the substrates are formed by disposing
lines, electrodes, color filters, and the like on the insulation
substrate.

[0037] Preferably, at least one of the pair of comb-shaped
electrodes is a pixel electrode and the second substrate having
the pair of comb-shaped electrodes is an active matrix sub-
strate. The liquid crystal display panel of the present inven-
tion may be of a transmission type, a reflection type, or a
transflective type.

[0038] The present invention also relates to a liquid crystal
display device including the liquid crystal display panel of the
present invention. Preferable modes of the liquid crystal dis-
play panel in the liquid crystal display device of the present
invention are the same as the aforementioned preferable
modes of the liquid crystal display panel of the present inven-
tion. Examples of the liquid crystal display device include
displays of personal computers, televisions, onboard devices
such as automotive navigation systems, and personal digital
assistants such as mobile phones. Particularly preferably, the
liquid crystal display device is applied to devices used at
low-temperature conditions, such as onboard devices includ-
ing automotive navigation systems.

[0039] The configurations of the liquid crystal display
panel of the present invention and the preferred modes thereof
are applicable to a liquid crystal display panel having an FFS
structure. In such a liquid crystal display panel having an FFS
structure, a slit electrode is usually provided to the second
substrate thereof in place of a pair of comb-shaped electrodes
that are capable of being separately driven.

[0040] The configurations of the liquid crystal display
panel and the liquid crystal display device of the present
invention are not especially limited by other components as
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long as they essentially include such components, and other
configurations usually used in liquid crystal display panels
and liquid crystal display devices may appropriately be
applied.

[0041] The aforementioned modes may be employed in
appropriate combination as long as the combination is not
beyond the spirit of the present invention.

Advantageous Effects of Invention

[0042] The liquid crystal display panel and the liquid crys-
tal display device of the present invention can provide a
sufficiently high response speed and an excellent transmit-
tance.

BRIEF DESCRIPTION OF DRAWINGS

[0043] FIG. 11is a schematic cross-sectional view showing
aliquid crystal display panel of Embodiment 1 in the presence
of a transverse electric field.

[0044] FIG. 2is a schematic cross-sectional view showing
the liquid crystal display panel of Embodiment 1 in the pres-
ence of a vertical electric field.

[0045] FIG. 3 is a schematic plan view showing a subpixel
in the liquid crystal display panel of Embodiment 1.

[0046] FIG. 4is a schematic cross-sectional view showing
the liquid crystal display panel of Embodiment 1 in the pres-
ence of a transverse electric field.

[0047] FIG. 5 shows simulation results relating to the liquid
crystal display panel shown in FIG. 4.

[0048] FIG. 6 is a graph showing the relation between time
(ms) and transmittance (%) of liquid crystal display panels of
Embodiment 1 and Embodiment 2.

[0049] FIG. 7is a graph showing the relation between time
(ms) and transmittance (%) of a liquid crystal display panel of
Embodiment 3, with various dielectric constants of the
dielectric layer.

[0050] FIG. 8is a graph showing the relation between time
(ms) and transmittance (%) of the liquid crystal display panel
of Embodiment 4, with various thicknesses of the dielectric

layer.
[0051] FIG.9is aschematic view of a liquid crystal display
panel.
[0052] FIG. 10 shows simulation results relating to the

liquid crystal display panel with €, =3.0.

[0053] FIG. 11 shows simulation results relating to the
liquid crystal display panel with e, .=3.9.

[0054] FIG. 12 shows simulation results relating to the
liquid crystal display panel with e, =6.9.

[0055] FIG. 13 is a schematic cross-sectional view of a
liquid crystal display panel provided with a dielectric layer on
the opposed substrate side in rising (transverse electric field).
[0056] FIG. 14 is a schematic cross-sectional view of a
liquid crystal display panel provided with a dielectric layer
disposed on the opposed substrate side in falling (vertical
electric field).

[0057] FIG.151is a graph showing an applied voltage (V) to
time (ms) in a liquid crystal display panel provided with a
dielectric layer disposed on the opposed substrate side.
[0058] FIG. 16 is a schematic cross-sectional view of a
liquid crystal display panel that is provided with a dielectric
layer on the opposed substrate side and has an increased
vertical electric field effective voltage in rising (transverse
electric field).
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[0059] FIG. 17 is a schematic cross-sectional view of a
liquid crystal display panel that is provided with a dielectric
layer on the opposed substrate side and has an increased
vertical electric field effective voltage in falling (vertical elec-
tric field).

[0060] FIG. 18 is a graph showing an applied voltage (V)
relative to time (ms) in a liquid crystal display panel that is
provided with a dielectric layer on the opposed substrate side
and has an increased vertical electric field effective voltage.
[0061] FIG. 19 is a schematic plan view showing a subpixel
in a liquid crystal display panel of Comparative Example 1
having an FFS structure.

[0062] FIG. 20 is a schematic cross-sectional view of the
liquid crystal display panel of Comparative Example 1 having
an FFS structure in rising (in the presence of a fringe electric
field).

[0063] FIG. 21 shows simulation results relating to the
liquid crystal display panel shown in FIG. 20.

[0064] FIG. 22 is a schematic cross-sectional view of a
liquid crystal display panel of Comparative Example 2.
[0065] FIG. 23 is aschematic cross-sectional view showing
one example of a liquid crystal display device used for the
liquid crystal driving method in the present embodiments.
[0066] FIG. 24 is a schematic plan view showing an active
drive element and its vicinity used in the present embodi-
ments.

[0067] FIG. 251s aschematic cross-sectional view showing
the active drive element and its vicinity used in the present
embodiments.

DESCRIPTION OF EMBODIMENTS

[0068] The present invention will be described in detail
below in view of the following embodiments and drawings.
The present invention is not limited to these embodiments.
The term “pixel” herein also means a subpixel unless other-
wise specified. The planar electrode may have, for example,
dot ribs and/or slits as long as it is regarded as a planar
electrode in the technical field of the present invention, but
preferably substantially does not have alignment control
structures. Of the pair of substrates sandwiching the liquid
crystal layer, the display side substrate is also referred to as an
upper substrate, and the substrate opposite the display side is
also referred to as a lower substrate. Of the electrodes dis-
posed on the substrates, the electrode on the display side is
also referred to as an upper electrode, and the electrode on the
opposite side of the display is also referred to as a lower
electrode. Since the circuit board (second substrate) in each of
the present embodiments has thin-film transistors (TFTs), the
circuit board is also referred to as a TFT substrate or an array
substrate. In the present embodiments, a voltage is applied to
at least one electrode (pixel electrode) of the pair of comb-
shaped electrodes by turning the TFTs to the ON state in both
rising (transverse electric field) and falling (vertical electric
field).

[0069] In each embodiment, the components or parts hav-
ing the same function are given the same reference number,
unless otherwise stated. Also in the drawings, the symbol (i)
refers to the electric potential of one of the comb-shaped
electrodes at the upper layer of the lower substrate, the sym-
bol (ii) refers to the electric potential of the other of the
comb-shaped electrodes at the upper layer of the lower sub-
strate, the symbol (iii) refers to the electric potential of the
planar electrode at the lower layer of the lower substrate, and
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the symbol (iv) refers to the electric potential of the planar
electrode of the upper substrate.

Embodiment 1

[0070] FIG. 11is a schematic cross-sectional view showing
the liquid crystal display panel of Embodiment 1 in the pres-
ence of a transverse electric field. FIG. 2 is a schematic
cross-sectional view showing the liquid crystal display panel
of Embodiment 1 in the presence of a vertical electric field. In
each of FIG. 1 and FIG. 2, the dot line indicates the direction
of an electric field generated. The liquid crystal display panel
of Embodiment 1 has a vertical-alignment three-layered elec-
trode structure (upper electrodes of the lower substrate, which
serve as the second layer, are a pair of comb-shaped elec-
trodes 16) using liquid crystal molecules 31 which are a
positive liquid crystal. In rising, as shown in FIG. 1, a trans-
verse electric field generated by a potential difference of 14V
between a pair of comb-shaped electrodes 16 (for example, a
comb-shaped electrode 17 at an electric potential of 0 V and
a comb-shaped electrode 19 at an electric potential of 14 V)
rotates the liquid crystal molecules. In this case, substantially
no potential difference is generated between the substrates
(between a counter electrode 13 at an electric potential of 7V
and a counter electrode 23 at an electric potential of 7V).
[0071] Infalling, as shownin FIG. 2, a vertical electric field
generated by a potential difference of 14 V (the maximum
potential difference is probably around this) between the
substrates (for example, between each of the counter elec-
trode 13, the comb-shaped electrode 17, and the comb-shaped
electrode 19 at an electric potential of 14 V and the counter
electrode 23 at an electric potential of 0'V) rotates the liquid
crystal molecules. In this case, substantially no potential dif-
ference is generated between the pair of comb-shaped elec-
trodes 16 (for example, consisting of the comb-shaped elec-
trode 17 at an electric potential of 14 V and the comb-shaped
electrode 19 at an electric potential of 14 V).

[0072] In both the rising and the falling, an electric field
rotates the liquid crystal molecules to provide a high response
speed. In other words, the transverse electric field between the
pair of comb-shaped electrodes 16 leads to the ON state to
give a high transmittance in the rising, whereas the vertical
electric field between the substrates leads to the ON state to
give a high response speed in the falling. Here, the liquid
crystal display panel in the present embodiments features
turning to the ON state by a vertical electric field between the
substrates in falling. The effects achieved in the falling, such
as the response speed, are also referred to as the OFF charac-
teristics herein because the display is turned OFF. Further-
more, the transverse electric field by comb driving also pro-
vides a high transmittance in apertures.

[0073] The liquid crystal display panel of Embodiment 1
further has a dielectric layer 25 (overcoat layer) on the
opposed substrate 20 side for a further increase in the trans-
mittance as shown in FIG. 1 and FIG. 2. Preferably, the
dielectric layer 25 is formed from, for example, an ultraviolet
(UV) curable resin. In this case, the same effect as that of
increasing the thickness of the liquid crystal cell, namely the
state with alarge effect of the transverse electric field between
the comb-shaped electrodes, is achieved. In this case, the
liquid crystal amount is smaller than that in the case of
increasing the thickness of the liquid crystal cell. With an aid
ofthe vertical electric field in falling for the response of liquid
crystal molecules, a high response speed is achieved also in
falling (on the decay side). In Embodiment 1, the dielectric
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constant €, of the dielectric layer 25 is 3.0, and thickness d .
of the dielectric layer is 3.0 um.

[0074] Embodiment 1 and the following embodiments use
a positive liquid crystal as the liquid crystal. Still, a negative
liquid crystal may also be used instead of the positive liquid
crystal. In the case of a negative liquid crystal, a potential
difference between the pair of substrates aligns the liquid
crystal molecules in the horizontal direction and a potential
difference between the pair of comb-shaped electrodes aligns
the liquid crystal molecules in the orthogonal direction. This
provides an excellent transmittance, and an electric field
rotates the liquid crystal molecules to provide a high response
speed in both the rising and the falling. Also, provision of a
dielectric layer on the opposed substrate side sufficiently
increases the transverse electric field effect. In this case, the
transverse electric field achieves the OFF characteristics (an
increase in the response speed in falling, a sufficient decrease
in the transmittance in black display).

[0075] As shown in FIG. 1 and FIG. 2, the liquid crystal
display panel of Embodiment 1 includes an array substrate
10, a liquid crystal layer 30, and an opposed substrate 20
(color filter substrate) stacked in the order set forth from the
back side to the viewing side of the liquid crystal display
panel. As shown in FIG. 2, the liquid crystal display panel of
Embodiment 1 vertically aligns the liquid crystal molecules
at a voltage lower than the threshold voltage. As shown in
FIG. 1, an electric field generated between the upper elec-
trodes 17 and 19 (the pair of comb-shaped electrodes 16)
disposed on the glass substrate 11 (second substrate) tilts the
liquid crystal molecules in the horizontal direction between
the pair of comb-shaped electrodes 16 when a voltage differ-
ence between the comb-shaped electrodes is not lower than
the threshold voltage, thereby controlling the amount of light
transmitted. The planar lower electrode 13 (counter electrode
13) is disposed such that it sandwiches an insulating layer 15
with the upper electrodes 17 and 19 (the pair of comb-shaped
electrodes 16). The insulating layer 15 may be formed from
anoxide film (e.g. Si0,), anitride film (e.g. SiN), or an acrylic
resin, for example, and these materials may be used in com-
bination. The common electrodes 13 and 23 have a planar
shape. Here, there may be commonly connected counter elec-
trodes 13 corresponding to even-numbered lines and com-
monly connected counter electrodes 13 corresponding to
odd-numbered lines of the gate bus lines. Such an electrode is
also referred to as a planar electrode herein. The counter
electrode 23 is commonly connected to all the pixels.

[0076] Although not shown in FIG. 1 and FIG. 2, a polar-
izing plate is disposed on each substrate at the side opposite to
the liquid crystal layer. The polarizing plate may be a circu-
larly polarizing plate or may be a linearly polarizing plate. An
alignment film is disposed on the liquid crystal layer side of
each substrate. The alignment films each may be an organic
alignment film or may be an inorganic alignment film as long
as they align the liquid crystal molecules orthogonally to the
film surface.

[0077] FIG. 3 is a schematic plan view showing a subpixel
in the liquid crystal of Embodiment 1. A voltage supplied
from an image signal line 14 is applied to the comb-shaped
electrode 19, which drives the liquid crystal material, through
a semiconductor layer SC of a thin film transistor element
(TFT) at the timing when the pixel is selected by a scanning
signal line 12. The comb-shaped electrode 17 and the comb-
shaped electrode 19 are formed on the same layer in the
present embodiment and are preferably in a mode where they
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are formed on the same layer. Still, the comb-shaped elec-
trodes may be formed on different layers as long as a voltage
difference is generated between the comb-shaped electrodes
to apply a transverse electric field and provides one effect of
the present invention, that is, the effect of improving the
transmittance. The comb-shaped electrode 19 is connected to
a drain electrode that extends from the TFT through a contact
hole CH.

[0078] (Verification of Response Performance and Trans-
mittance by Simulation)

[0079] FIG. 41s a schematic cross-sectional view showing
the liquid crystal display panel of Embodiment 1 in the pres-
ence of a transverse electric field, taken along the A-B line in
FIG. 3. The comb driving of Embodiment 1 generated a
transverse electric field between the pair of comb-shaped
electrodes 16 (e.g. the comb-shaped electrode 17 at an elec-
tric potential of 0 V and the comb-shaped electrode 19 at an
electric potential of 14 V), and thereby rotated the liquid
crystal molecules in a wide range between the pair of comb-
shaped electrodes (FIG. 4, FIG. 5 described later).

[0080] FIG.5 shows simulation results relating to the liquid
crystal display panel shown in FIG. 4. FIG. § shows the
simulation results of director d, electric field, and transmit-
tance distribution after the rising (here, “T=2.7 ms” in FIG. 5
indicates the horizontal axis (time axis) in the graph described
later). The graph drawn by a solid line indicates the transmit-
tance. The graph drawn by a dotted line indicates the electric
line of force. The director d indicates the alignment direction
of the major axis of the liquid crystal molecules. The simu-
lation was performed with a liquid crystal layer thickness
(cell thickness) d,, of 3.4 um and a comb gap S of 2.6 um.
[0081] The width L of each comb-shaped electrode in the
present embodiments is preferably 2 um or greater, for
example. The electrode gap S between the comb-shaped elec-
trodes is preferably 2 um or greater, for example. The pre-
ferred upper limit of both of these values is 7 um, for example.
The ratio (L/S) between the electrode gap S and the electrode
width L is preferably 0.4 to 3, for example. The lower limit
thereof is more preferably 0.5, whereas the upper limit
thereof is more preferably 1.5.

[0082] Thecell thickness d,.ofthe liquidcrystal layer is 3.4
um. The cell thickness is preferably 2 to 7 pm. With a cell
thickness of 7 pm or smaller, excellent viewing angle char-
acteristics are achieved, and a problem from the cost aspect,
such as an increase in the amount of liquid crystal molecules,
can also be solved. The cell thickness d,_herein is preferably
calculated by averaging the thicknesses throughout the liquid
crystal layer in the liquid crystal display panel.

[0083] With the dielectric layer (overcoat layer) 25 dis-
posed on the opposed substrate side, the liquid crystal display
panel of Embodiment 1 achieves a larger effect of the trans-
verse electric field generated by the comb-shaped electrodes
in the liquid crystal layer, thereby increasing the utilization
efficiency of light (responsibility of liquid crystal molecules).
[0084] A liquid crystal display device including the liquid
crystal display panel of Embodiment 1 may appropriately
include the components provided to a common liquid crystal
display device (e.g. light source). The same applies to the
embodiments described later.

Embodiment 2

[0085] In Embodiment 2, the driving method in falling
applies a greater vertical electric field. Specifically, the volt-
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age difference between the upper and lower electrodes is
increased. Thereby, the response speed in falling can be suf-
ficiently increased.

[0086] Theconfigurationsin Embodiment 2 are the same as
the configurations in Embodiment 1 except that the voltage
applied was changed as shown in FIG. 16 to FIG. 18 described
later, and the potential difference of the voltage applied
between the first substrate and the second substrate in falling
was changed from 7V to 14 V.

Embodiment 3

[0087] In Embodiment 3, the dielectric constant €, of the
dielectric layer was changed to 3.0, 3.9, or 6.9. The other
configurations in Embodiment 3 are the same as those in
Embodiment 1.

Embodiment 4

[0088] InEmbodiment 4, the thickness d,_ of the dielectric
layer was changed to 1.5 um, 3.0 um, or 4.5 um. The other
configurations in Embodiment 4 are the same as those in
Embodiment 1.

[0089] FIG. 6 is a graph showing the relation between time
(ms) and transmittance (%) of liquid crystal display panels of
Embodiment 1 and Embodiment 2.

[0090] In FIG. 6, the term “FFS” refers to a liquid crystal
display panel (of Comparative Example 1 described later)
whichis driven by a conventional fringe electric field method.
The term “comb driving” refers to a liquid crystal display
panel (of Comparative Example 2 described later) which is
the same as the liquid crystal display panel of Embodiment 1,
except that the display panel does not include a dielectric
layer. The term “comb driving+OC” refers to a liquid crystal
display panel of Embodiment 1 which has a dielectric layer
(overcoat layer) on the opposed substrate side. The term
“comb driving+OC +vertical electric field up” refers to a
liquid crystal display panel (of Embodiment 2) which is the
same as the liquid crystal display panel of Embodiment 1,
except that the voltage difference between the planar elec-
trode of the first substrate and the planar electrode of the
second substrate in the presence of a vertical electric field was
changed from 7V to 14 V.

[0091] The transmittance in the case of “fringe electric
field” (FFS), which is a conventional transverse electric field
driving method, is about 4.0%, while the transmittance
increases to about 18% by driving by comb electric field. Also
with a dielectric layer disposed on the opposed substrate side,
the transmittance increases to about 22%, and thereby the
effects of the present invention are achieved.

[0092] The response speed is described below. The
response speed does not change in rising because it depends
on the voltages applied to the comb-shaped electrodes. In
falling, since a dielectric layer provided decreases the effec-
tive voltages which generate the vertical electric field,
increasing the voltages applied leads to an increase in the
speed in falling (decay speed). The response speed in falling
is significantly high in Embodiment 2 in which a greater
vertical electric field is generated.

[0093] The relation between the dielectric constant and the
response speed of the dielectric layer disposed on the opposed
substrate side is shown. FIG. 7 s a graph showing the relation
between time (ms) and transmittance (%) of a liquid crystal
display panel of Embodiment 3, with various dielectric con-
stants € . of the dielectric layer. The thickness of the dielectric
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layeris fixed tod, =1.5 pm. A dielectric layer with a dielectric
constant €, of 3.0 was found to achieve the highest transmit-
tance. Suitable examples of the dielectric layer include an
easily producible low-dielectric material having a dielectric
constant €, of, forexample, about 2.5, such as a pigment used
for, for example, color filters.

[0094] The response speed in rising is almost constant (be-
cause only the transverse electric field needs to be consid-
ered), while the response speed in falling increases as the
dielectric constant €, increases. This is probably because an
effective vertical electric field is likely to be applied to the
liquid crystal layer when the dielectric constant €, is high.
The dielectric constant €, of the dielectric layer is preferably
3.9 or greater, and more preferably 6 or greater.

[0095] The relation between the thickness d . and the
response speed of the dielectric layer is described. FIG. 8 is a
graph showing the relation between time (ms) and transmit-
tance (%) of the liquid crystal display panel of Embodiment 4,
with various thicknesses of the dielectric layer.

[0096] The transmittance increases as the thickness d__ of
the dielectric layer becomes greater, but there probably is a
certain threshold value.

[0097] The response speed is constant in rising, but the
speed in falling (decay speed) decreases as the thickness d_,.
increases in falling. This is because a vertical electric field is
not easily applied. This phenomenon is described in detail
below. The thickness d . of the dielectric layer is preferably 3
um smaller, more preferably 2 pm or smaller, and still more
preferably 1.5 pm or smaller, in terms of increasing the speed
in falling. The thickness d,_ of the dielectric layer is prefer-
ably calculated by averaging the thicknesses throughout the
liquid crystal layer.

[0098] Therelation between the response speed in the pres-
ence of a vertical electric field (decay speed) and the overcoat
layer conditions is described using the following equations.
FIG. 9 is a schematic view of aliquid crystal display panel. In
the following equations, the symbol d,,_ indicates the thick-
ness of the dielectric layer 25. The symbol d,_ indicates the
thickness of a liquid crystal layer 30. The symbol Coc indi-
cates the capacity of the dielectric layer 25. The symbol Coc
indicates the capacity of the liquid crystal layer 30. The sym-
bol e, indicates the relative dielectric constant of the dielec-
tric layer 25. The symbol ¢, indicates the relative dielectric
constant of the liquid crystal layer 30. The symbol €, indicates
a vacuous dielectric constant. The symbol Voc indicates an
electric field applied to the dielectric layer. The symbol Vic
indicates the electric field applied to the liquid crystal layer.
Also, V,,,,~Voc+Vlic.

[0099] Coc=¢y¢,.(S/d,,)

[0100] Clc=e,€, (S/d,,)

[0101] C,,,,~1/Coc+1/Cle=(Clc+Coc)/(CocxClc)

[0102] Voc={Cle/(Cle+Coc)}V,,..;

[0103] Vlc={Coc/(Clc+Coc)}V,, .,

[0104] The above equations show that as the thickness d,.

of the dielectric layer increases, the voltage applied to the
liquid crystal layer decreases, thereby decreasing the
response speed in falling (decay speed). Also, as the dielectric
constant €, of the dielectric layer decreases, the voltage
applied to the liquid crystal layer decreases, thereby decreas-
ing the speed in falling.

[0105] The response states after a transverse electric field
was applied to the liquid crystal display panel with different
dielectric constants €, . of the dielectric layers in Embodiment
3 are compared. FIG. 10 shows simulation results relating to
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the liquid crystal display panel with €,_=3.0. FIG. 11 shows
simulation results relating to the liquid crystal display panel
with €, =3.9. FIG. 12 shows simulation results relating to the
liquid crystal display panel with e  =6.9.

[0106] InFIG. 10 to FIG. 12, the transmittance curves are
almost the same, but comparison of the electric lines of force
on the electrode side shows that the electric line of force is
spread to a wider range in the liquid crystal layer with a lower
dielectric constant € .. This suggests that liquid crystal mol-
ecules in a wide range respond when the electric line of force
is distributed in a wide range, whereby the transmittance is
increased. The phenomenon that the effect of the vertical
electric field is more significant with a higher dielectric con-
stant €__1s explained from the relation between the dielectric
constant €, of the dielectric layer disposed on the opposed
substrate side and the response speed, and from the relation
between the response speed in the presence of a vertical
electric field and the overcoat layer conditions. The phenom-
enon may have an influence on the state in the presence of a
transverse electric field.

[0107] FIG. 13 to FIG. 15 each show a liquid crystal display
panel (liquid crystal display panel with a dielectric layer
disposed on the opposed substrate side) of Embodiment 1.
FIG. 13 is a schematic cross-sectional view of a liquid crystal
display panel with a dielectric layer disposed on the opposed
substrate side in rising (in the presence of a transverse electric
field). F1G. 14 is a schematic cross-sectional view of a liquid
crystal display panel with a dielectric layer disposed on the
opposed substrate side in falling (in the presence of a vertical
electric field). FIG. 15 is a graph showing an applied voltage
(V) relative to time (ms) in a liquid crystal display panel
provided with a dielectric layer disposed on the opposed
substrate side.

[0108] FIG.16to FIG. 18 each show aliquid crystal display
panel (liquid crystal display panel with an increased vertical
electric field effective voltage) of Embodiment 2. FIG. 16is a
schematic cross-sectional view of a liquid crystal display
panel with a dielectric layer disposed on the opposed sub-
strate side and with the vertical electric field effective voltage
increased in rising (in the presence of a transverse electric
field). F1G. 17 is a schematic cross-sectional view of a liquid
crystal display panel with a dielectric layer disposed on the
opposed substrate side and with the vertical electric field
effective voltage increased in falling (in the presence of a
vertical electric field). FIG. 18 is a graph showing the applied
voltage (V) relative to time (ms) in a liquid crystal display
panel with a dielectric layer disposed on the opposed sub-
strate side and with the vertical electric field effective voltage
increased.

[0109] The simulations in FIG. 15 and FIG. 18 were per-
formed with a thickness d, of the liquid crystal cell of 3.4 pum
and an electrode gap =2.6 pm.

[0110] The liquid crystal display panels of the present
embodiments are easy to produce and capable of achieving a
high transmittance. The display panels are also capable of
exhibiting a response speed enough to implement the field
sequential system.

[0111] The liquid crystal display panels of the present
embodiments usually require three TFTs per subpixel, and
provide a sufficiently increased transmittance with the con-
cept of the present invention applied thereto. The concept of
the present invention is applicable regardless of the number of
TFTs per subpixel, suitably increasing the transmittance. Lig-
uid crystal display panels with two TFTs per subpixel are
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possible with, for example, a mode in which the planar elec-
trodes of the second substrate are electrically connected in
each pixel line, a mode in which electrodes each of which
corresponds to one of the pair of comb-shaped electrodes of
the second substrate are electrically connected in each pixel
line, or a mode in which one of the pair of comb-shaped
electrodes and the planar electrode of the second substrate are
electrically connected. Also, liquid crystal display panels
with one TFT per subpixel is possible with, for example, a
mode in which the planar electrodes of the second substrate
are electrically connected in each pixel line and electrodes
each of which corresponds to one of the pair of comb-shaped
electrodes and the planar electrode of the second substrate are
electrically connected.

Comparative Example 1

[0112] The liquid crystal display panel of Comparative
Example 1 implements a conventional fringe drive system
which has the same configuration as the configuration of the
liquid crystal display panel of Embodiment 1, except that a
slit electrode is used for the upper electrode of the lower
substrate in place of the pair of comb-shaped electrodes. FIG.
19 is a schematic plan view showing a subpixel in a liquid
crystal display panel of Comparative Example 1 having an
FFS structure. FIG. 20 is a schematic cross-sectional view of
a liquid crystal display panel of Comparative Example 1
having an FFS structure in rising (in the presence of a fringe
electric field), taken along the C-D line in FIG. 19. FIG. 21
shows the simulation results relating to the liquid crystal
display panel shown in FIG. 20. The liquid crystal display
panel of Comparative Example 1 generates a fringe electric
field by FFS driving as taught in Patent Literature 1. FIG. 21
shows the simulation results of the director d, electric field,
and transmittance distribution (cell thickness: 3.4 pum, slit
gap: 2.6 um). The reference numbers in FIG. 20 for Compara-
tive Example 1 are the same as those shown in the drawings
for Embodiment 1, except that a numeral “2” was added as the
hundred’s digit.

Comparative Example 2

[0113] The liquid crystal display panel of Comparative
Example 2 has the same configuration as the liquid crystal
display panel of Embodiment 1, except that the display panel
does not include a dielectric layer. FIG. 22 is a schematic
cross-sectional view of the liquid crystal display panel of
Comparative Example 2. The reference numbers in FIG. 22
for Comparative Example 1 are the same as those shown in
the drawings for Embodiment 1, except that a numeral “3”
was added as the hundred’s digit.

[0114] The configurations such as electrode structures of
the liquid crystal display panel and liquid crystal display
device of the present invention can be observed by micro-
scopic observation of the TFT substrate and the opposed
substrate using a device such as scanning electron microscope
(SEM). Also, the driving voltage can be determined by a
common method.

Other Preferable Embodiments

[0115] In the embodiments of the present invention, an
oxide semiconductor TFT (e.g. IGZO) is preferably used. The
following will describe this oxide semiconductor TFT in
detail.
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[0116] At least one of the first substrate and the second
substrate usually includes a thin film transistor element. The
thin film transistor element preferably includes an oxide
semiconductor. In other words, an active layer of an active
drive element (TFT) in the thin film transistor element is
preferably formed using an oxide semiconductor film such as
zine oxide instead of a silicon semiconductor film. Such a
TFT is referred to as an “oxide semiconductor TFT”. The
oxide semiconductor characteristically shows a higher carrier
mobility and less unevenness in its propetties than amorphous
silicon. Thus, the oxide semiconductor TFT moves faster than
an amorphous silicon TFT, has a high driving frequency, and
is suitably used for driving of higher-definition next-genera-
tion display devices. In addition, the oxide semiconductor
film is formed by an easier process than a polycrystalline
silicon film. Thus, it is advantageously applied to devices
requiring a large area.

[0117] The following characteristics markedly appear in
the case of applying the liquid crystal driving method of the
present embodiments especially to FSDs (field sequential
display devices).

[0118] (1) The pixel capacitance is higher than that in a
usual VA (vertical alignment) mode (FIG. 23 is a schematic
cross-sectional view showing one example of a liquid crystal
display device used in the liquid crystal driving method of the
present embodiments; in FIG. 23, a large capacitance is gen-
erated between the upper electrode and the lower electrode at
the portion indicated by an arrow and the pixel capacitance is
higher than in the liquid crystal display device of usual ver-
tical alignment (VA) mode). (2) One pixel of a FSD type is
equivalent to three pixels (RGB), and thus the capacitance of
one pixel is trebled. (3) The gate ON time is very short
because 240 Hz or higher driving is required.

[0119] Advantages of applying the oxide semiconductor
TFT (e.g. IGZ0) are as follows.

[0120] Based on the characteristics (1) and (2), a 52-inch
device has a pixel capacitance of about 20 times as high as a
52-inch UV2A 240-Hz drive device.

[0121] Thus, a transistor produced using conventional a-Si
is as great as about 20 times or more, disadvantageously
resulting in an insufficient aperture ratio.

[0122] Themobility of IGZO is about 10 times that of a-Si,
and thus the size of the transistor is about Yio.

[0123] Although the liquid crystal display device using
color filters (RGB) has three transistors, the FSD type device
has only one transistor. Thus, the device can be produced in a
size as small as or smaller than that with a-Si.

[0124] As the size of the transistor becomes smaller, the
Cgd capacitance also becomes smaller. This reduces the load
on the source bus lines.

Specific Examples

[0125] FIG. 24 and FIG. 25 each show a structure (ex-
ample) of the oxide semiconductor TFT. FIG. 24 is a sche-
matic plan view showing the active drive element and its
vicinity used in the present embodiment. FIG. 25 is a sche-
matic cross-sectional view showing an active drive element
and its vicinity used in the present embodiment. The symbol
T indicates a gate and source terminal. The symbol Cs indi-
cates an auxiliary capacitance.

[0126] The following will describe one example (the por-
tion in question) of a production process of the oxide semi-
conductor TFT.
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[0127] Active layer oxide semiconductor layers 905a and
905b of an active drive element (TFT) using the oxide semi-
conductor film are formed as follows.

[0128] At first, an In—Ga—Zn—O semiconductor (IGZQ)
film with a thickness of 30 nm or greater but 300 nm or
smaller is formed on an insulating layer 913i by sputtering.
Then, a resist mask is formed by photolithography so as to
cover predetermined regions of the IGZO film. Next, portions
of the IGZO film other than the regions covered by the resist
mask are removed by wet etching. Thereafter, the resist mask
is peeled off. This provides island-shaped oxide semiconduc-
tor layers 905a and 9054. The oxide semiconductor layers
905¢ and 9055 may be formed using other oxide semicon-
ductor films instead of the IGZO film.

[0129] Next, an insulating layer 907 is deposited on the
whole surface of a substrate 911g and the insulating layer 907
is patterned.

[0130] Specifically, at first, an SiO, film (thickness: about
150 nm, for example) as an insulating layer 907 is formed on
the insulating layer 913 and the oxide semiconductor layers
905a and 9056 by CVD.

[0131] The insulating layer 907 preferably includes an
oxide film such as SiOy.

[0132] Useofthe oxide film can recover oxygen deficiency
on the oxide semiconductor layers 905a and 9055 by the
oxygen in the oxide film, and thus it more effectively sup-
presses oxygen deficiency on the oxide semiconductor layers
905¢ and 905b. Here, a single layer of an SiO, film is used as
the insulating layer 907. Still, the insulating layer 907 may
have a stacked structure of an SiO, film as a lower layer and
an SiNx film as an upper layer.

[0133] The thickness (in the case of a stacked structure, the
sum of the thicknesses of the layers) of the insulating layer
907 is preferably 50 nm or greater but 200 nm or smaller. The
insulating layer with a thickness of 50 nm or greater more
securely protects the surfaces of the oxide semiconductor
layers 9054 and 9055 in the step of patterning the source and
drain electrodes. If the thickness of the insulating layer
exceeds 200 nm, the source electrodes and the drain elec-
trodes may have a higher step. so that breaking of lines may
occur.

[0134] The oxide semiconductor layers 9054 and 9055 in
the present embodiment are preferably formed from a Zn—O
semiconductor (ZnO), an In—Ga—7Zn—O semiconductor
(IGZ0), an In—Zn—O semiconductor (IZO), or a
Zn—Ti—O semiconductor (ZTO). Particularly preferred is
an In—Ga—7n—O semiconductor (IGZ0).

[0135] The present mode provides certain effects in com-
bination with the above oxide semiconductor TFT. Still, the
present mode can be driven using a known TFT element such
as an amorphous Si TFT or a polycrystalline Si TFT.

[0136] The aforementioned modes of the embodiments
may be employed in appropriate combination as long as the
combination is not beyond the spirit of the present invention.

[0137] The present application claims priority to Patent
Application No. 2011-142348 filed in Japan on Jun. 27,2011
under the Paris Convention and provisions of national law in
a designated State, the entire contents of which are hereby
incorporated by reference.
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REFERENCE SIGNS LIST

[0138] 10,110, 210, 310: Array substrate

[0139] 11,21,111,121,211,221,311,321: Glass substrate
[0140] 12: Scanning signal line

[0141] 13,23,113, 123, 213, 223, 313, 323: Counter elec-
trode

[0142] 14: Video signal line

[0143] 25, 125: Dielectric layer

[0144] 15,115, 215, 315: Insulating layer

[0145] 16,116, 316: Pair of comb-shaped electrodes
[0146] 17,19,117,119, 317, 319: Comb-shaped electrode
[0147] 20 120, 220, 320: Opposed substrate

[0148] 30,130, 230, 330: Liquid crystal layer

[0149] 31: Liquid crystal molecule

[0150] 217 Slit electrode

1. A liquid crystal display panel comprising:

a first substrate;

a second substrate; and

a liquid crystal layer disposed between the substrates,

the first substrate and the second substrate each comprising
an electrode,

the first substrate further comprising a dielectric layer,

the electrode of the second substrate including a pair of
comb-shaped electrodes and a planar electrode.

2. The liquid crystal display panel according to claim 1,

wherein the liquid crystal display panel has a potential
difference of 15V or less between the electrodes of the
first substrate and the second substrate when voltages
are applied to the electrodes.

3. The liquid crystal display panel according to claim 1,

wherein the dielectric layer has a dielectric constant of 2.5
or more.

4. The liquid crystal display panel according to claim 1,

wherein the dielectric layer has a thickness of 3.5 pm or
less.

5. The liquid crystal display panel according to claim 1,

wherein the electrode of the first substrate is a planar elec-
trode.

6. The liquid crystal display panel according to claim 1,

which is configured to align liquid crystal molecules
between the pair of comb-shaped electrodes in the liquid
crystal layer in a horizontal direction to the main faces of
the substrates by an electric field generated between the
pair of comb-shaped electrodes or between the electrode
of the first substrate and the electrodes of the second
substrate.

7. The liquid crystal display panel according to claim 1,

wherein the liquid crystal layer contains liquid crystal mol-
ecules which are aligned in an orthogonal direction to
the main faces of the substrates under a voltage lower
than a threshold voltage.

8. The liquid crystal display panel according to claim 1,

wherein the liquid crystal layer contains liquid crystal mol-
ecules with a positive anisotropy of dielectric constant.

9. The liquid crystal display panel according to claim 1,

wherein at least one of the first substrate and the second
substrate comprises a thin film transistor element, and
the thin film transistor element comprises an oxide semi-
conductor.

10. A liquid crystal display device, comprising

the liquid crystal display panel according to claim 1.

* #* * #* #®
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